Uncertainty exists as to whether appreciable amounts of CO2 are formed by surface recombination for Mars entry vehicles. It is well understood that highly catalytic thermal protection system (TPS) material can lead to nearly two times the heat flux to the vehicle surface as a non-catalytic material. Conservative design practice assumes a supercatalytic surface to accommodate this uncertainty. Risk avoidance leads to oversized TPS geometries that add mass to entry vehicle designs that could be otherwise employed. Determining whether significant near surface production of CO2 occurs at trajectory heating conditions would add significant insight. The University of Vermont (UVM) has developed a 30kW Inductively Coupled Plasma (ICP) Facility to provide a pure high temperature plasma environment for aerospace material testing and gas-surface interaction chemistry investigations. The goal of the present work is to develop and test a diode laser absorption spectroscopy (DLAS) sensor to target near sample surface CO2 concentrations. A DFB diode laser at 2744 nm with a tuning range of around 3 nm is chosen as the light source. Current investigations show no appreciable amount of CO2 near a highly catalytic surface (water cooled copper) within the sensors' detectivity limits. Work is ongoing to further improve these sensitivity limitations.
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I. Motivation
Significant heat is generated as a vehicle reenters a planetary atmosphere owing to high levels of kinetic energy being converted into thermal energy. This thermal energy will typically dissociate the quiescent molecular gases of the atmosphere via a strong bow shock into a reacting mixture of molecules, atoms, ions and electrons. As these gases approach the vehicle TPS surface they will tend to recombine toward local thermodynamic equilibrium state if the post shock pressure is sufficiently high. At the surface, further recombination can take place depending on the efficiency of surface catalyzed reactions, which depend on the material surface. Exothermic surface catalyzed recombination can contribute a significant additional heat load to a vehicle. A better understanding of the behavior of these materials under atmospheric reentry conditions is essential to develop more effective advanced thermal protection materials.
For the Mars atmosphere, atmospheric gases consist of about 97% CO 2 and 3% N 2 by volume, with trace amounts of other species. What starts off as a mixture of CO 2 and N 2 is heated through the shock layer to a mixture of CO, O, and C with minor amounts of N and NO. The post shock gases may partially recombine as temperature decreases toward the boundary layer. The boundary layer itself, though, has a strong temperature gradient leading to the surface but the gas resident time is usually so short that significant dissociated species populations may arrive at the surface. These dissociated species reaching the surface can recombine, but not necessarily to the original pre-shocked chemistry. The rate at which these species are produced depends on whether the surface is non-catalytic (no surface catalyzed reactions occur), partially-catalytic, fully-catalytic (surface catalyzed reactions occur but species densities may or may not be identical to free stream equilibrium value) or super-catalytic (surface catalyzed reactions occur, recombining all species to free stream values).
Catalyzed reactions have a strong influence on surface heat flux levels. A fully catalytic surface can produce twice the heat flux of a non-catalytic surface for equivalent hypersonic speeds. Normally conservative super-or fully-catalytic surface models are used for the Mars entry design application as the reaction rates are not well understood. However, this may lead to oversized heat shield geometries adding unnecessary weight that increase mission cost and reduce instrumentation and payload opportunities. This is not an issue that has gone unremarked.
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A surface catalysis model was developed for Mars entry applications as part of the Mars Pathfinder Program consisting of the reactions:
This assumed model results in the production of CO 2 , providing a close to super-catalytic condition for the Mars atmosphere entry. Molecular oxygen is ignored in this model, which neglects the competing oxygen recombination reaction:
To better understand this competing recombination reaction issue, CO 2 surface reaction chemistry was studied on quartz (low-catalytic material) in a side-arm reactor.
3 Even with low-catalytic material, the oxygen recombination reaction was more prevalent than the CO 2 recombination reaction. With competing oxygen reactions being so dominant, it was concluded that oxidation of CO to CO 2 in the boundary layer is unlikely; suggesting that the model by Micheltree with the super-catalytic assumption is overly conservative. More recently, independent studies done in the LENS shock tunnel at CUBRC 4, 5 and the T5 shock tunnel at GALCIT 6 were performed for the Mars Science Laboratory (MSL) mission investigating heating augmentation owing to laminar to turbulent flow transition. Numerical simulations of laminar test cases matched the facility-measured heat flux values only when the super-catalytic condition was used, which contradicts the previous side arm reactor results by Sepka, et al. This led to Marschall carrying out further side-arm reactor tests on metallic materials with modest catalycity.
7 These tests showed, again, that the surface is partially catalytic for the O 2 reaction (2) and non-catalytic for the CO 2 reaction (1). There is no explanation for this contradiction at the present time. However, being able to explain this phenomenon would be of significant importance as current design of Mars entry TPS material and geometries relies on potentially over conservative super-catalytic models.
II. Objective and Approach
Presently there is not enough information to resolve the discrepancy as to whether surface-catalyzed CO 2 recombination is significant at Mars entry trajectory aerothermal conditions. The aim of this investigation is to acquire a better understanding of this discrepancy by utilizing non-intrusive spectroscopic techniques to characterize the near surface chemistry of material samples in the UVM 30 kW ICP Torch Facility. Isolating the physical phenomena is challenging, but it must be done to understand the true nature of the boundary layer chemistry and catalytic influences in CO 2 atmospheres. The basic approach ultimately involves three steps:
1. Quantify the flux of CO and O arriving at the surface using TALIF spectroscopic measurements; 2. Use the absolute measurements of CO and O number densities near the surface to assess elemental conservation and infer whether CO 2 may be formed; and 3. Apply IR DLAS to directly detect production of CO 2 near the surface.
TALIF strategies are already being employed and have been presented targeting near surface CO and atomic O species for CO 2 plasmas. [10] [11] [12] This paper documents the progress of step three of this three-part investigation. A properly designed DLAS sensor capable of detecting trace amounts of high-temperature CO 2 will provide a direct assessment of CO 2 production at the surface. For this purpose a DLAS sensor working near 2744 nm is employed.
III. UVM ICP Facility and Current Characterization of CO 2 Operation

A. UVM 30 kW ICP Facility
A 30 kW ICP torch was developed at UVM to simulate the near surface chemically reacting boundary layer of reentry and atmospheric hypersonic flight. 8 The concept of the ICP-type facility for reentry and hypersonic testing applications is not new, but in the U.S. arc-heated facilities are more commonly used for these investigations. However, in arc-heaters the direct arc attachment to electrodes produces molten copper at the attachment points. Contaminant copper atomic emission lines are strong and can contaminate the diagnostics as well as the chemistry of the flow. In an ICP, heating is done through electron excitation via magnetic field coupling, thus contactless direct heating providing contaminant-free flow. Replication of the flight trajectory boundary layer (Figure 1 ) is achieved when boundary layer edge velocity gradient, enthalpy and total pressure of the subsonic ICP facility are matched with those of the flight condition. The UVM 30 kW ICP Torch Facility (see Figure 2 ) is capable of providing chemically pure air, N 2 , CO 2 , and Ar (or mixtures thereof) plasmas at trajectory relevant conditions. The torch jet is currently defined by a 36 mm inside diameter quartz tube. Normal facility operating conditions are given in Table 1 . At the plasma ball location near the coil, temperature is on the order of 10,000 K. The subsonic plasma travels vertically upward to a free jet where it relaxes to a lower temperature and evolves toward a local thermodynamic equilibrium state. Ultimately measurements will be performed to verify the LTE condition but the authors have yet to see evidence that contradicts this assessment. 
B. Assessing Jet Properties
Relevant temperature and number density have been assessed for O-atom in the UVM ICP operating with a CO 2 plasma. This has been extracted using a two photon LIF technique with high spatial resolution targeting an atomic oxygen fluorescence scheme described in several documented experiments. [10] [11] [12] The high spatial resolution allowed for boundary layer temperature and number density surveys to be performed. Results of a boundary layer scan with a catalytic copper surface is shown in Figure 3 .
11 These nominal results illustrate a free jet plasma temperature is in the neighborhood of 5000 K to 6000 K for a pure CO 2 plasma. As the survey approaches the copper surface a noticeable decrease in both temperature and relative O-atom number density can be seen. The boundary layer temperature can be assumed to be 4000 K down to 2000 K as the surface is approached. Measured surface temperatures (via a 2 color pyrometer)are normally between 1000 K and 2000 K. These major temperature ranges are illustrated in the image of Figure 3 . It should be noted that these experiments used a disc insert made from material of interest (copper for a reacting catalytic surface and quartz for a non-reacting surface). These discs, held in a 25 mm diameter water cooled brass holder, exposed only an 11 mm diameter surface. The experiments documented in this report used a 25 mm copper water cooled cup of similar geometry to that of the brass disc holder. It is not known at this point whether the difference in exposed copper surface area will show discrepancies in reactive boundary layer profiles. Figure 4 illustrates these two sample configurations. Figure 4 . Illustration of two surface sample arrangements. The above cup insert will be used in this investigation. Past experiments have utilized a disc insert made from material of interest 11, 12 which is illustrated below the cup illustration.
Equilibrium chemistry analysis with CEA shows that the chemistry in the 5000 to 6000 K free jet range consists of mainly CO and O at roughly 50% mole fraction each with no residual CO 2 present ( Figure 5 ). This free jet plasma is then cooled as the gases approach the sample surface. As the jet cools, however, it is not likely that CO 2 will reform. It is easy to see how CO 2 recombination possibilities are slight owing to two dominating factors: CO is a stable molecule and it will not readily combine with O and free O atoms tend to combine with other free O atoms to form stable O 2 . Thus, even with what begins as pure CO 2 , it is necessary to have the ability to detect very low concentrations to verify if CO 2 production occurs at the surface. 
IV. CO 2 Diode Laser Sensor
A. Sensor Selection Figure 6 illustrates linestrengths of relevant species from the HITRAN 2004 database. 9 The reasons for choosing a diode laser near the 2.7µm CO 2 band rather than near 1.60 µm, 2.00 µm, or 4.25 µm has already been documented. 10 As stated earlier, the diode laser has a center wavelength of 2744 nm with a tuning range of just over 3 nm. Table 2 /atm] Figure 6 . Relevant reference condition spectra from HITRAN04 database.
B. Sensor Simulation
The broadened absorption per unit length for a given transition, "i", was simulated using the following model:
where n j is the number density of specie "j", k B is the Boltzman constant, S i is the linestrength of transition "i" and φ is the lineshape function. Though test temperatures are relatively high, the pressure (100 torr to Figure 7 illustrates the modeled CO 2 ro-vibrational spectra at 190 torr for different temperatures over a 1 cm path length in the laser tuning range. The P70 transition is a likely candidate for high temperature (1000 K to 3000 K) CO 2 detection as its lower temperature (300 K to 500 K) absorption is much less significant than the R44, R46, R48 and R50 transitions. This should allow the P70 high temperature absorption in the boundary layer to be distinguishable over the room air and recirculating test cabin CO 2 absorption.
C. Detectability
A key parameter to any sensor design is detectability. We assume that a minimum detectable absorption signal is twice the RMS noise in transmitted signal. This is not a limit where useful thermodynamic information can be extracted but rather a limit of simple recognition of minimum absorption over noise. Using the Beer-Lambert absorption relation, the minimum detectable mole fraction for a normalized signal of unity can then be defined as:
where ∆ is the RMS noise of the signal, SN is the signal to noise ratio, and α 0 is the simulated peak of absorption (per centimeter) in Figure 7 . Figure 8 shows peak absorption values of the P70 transition from Figure 7 on the left with minimum detectable mole fraction for various SN ratios for a 1 cm absorbing path. This shows that significantly high signal to noise ratio will be needed if only trace amounts of CO 2 are present in the 1000 K to 3000 K boundary layer.
D. Sensor Arrangement
All sensor components are mounted to a 25 cm x 30 cm optical breadboard as illustrated in Figure 9 . The laser output is collimated with an aspheric lens and directed to a pellicle beam splitter (90:10 ratio). The 10% leg passes through a solid silicon etalon with a FSR of 0.017 cm −1 for frequency tracking during laser tuning. A concave gold mirror focuses this leg onto a 1 mm diameter sensing element of a dual stage Peltier cooled InAs photodetector. The 90% leg of from the pellicle is directed towards a steering mirror which either guides the light to the facility in a free space manner or towards a fiber coupling device for optical fiber integration. Tests in this report incorporate free space light propagation to the test cabin without optical fibers to assess signal levels as described in the results section. Fiber-coupled or freespace output Figure 9 . DLAS sensor layout.
V. Results
A. Experimental Arrangement with ICP Facility
The portable bench assembly is mounted to a vertical translation stage on one side of the ICP chamber (see Figure 10 ). The free space φ4 mm collimated light is steered into the chamber via a φ1-inch gold mirror through a φ3-inch sapphire window of 3 mm thickness. This window is angled at approximately 8 degrees to minimize back reflections and wavelength tuning interference. The optical path inside the torch chamber from sapphire window to sapphire window is 58 cm. The collimated light is centered on the plasma jet and passed through the opposite end of the chamber through another 8 degree angled sapphire window of similar geometry. The light then passed through an adjustable iris set to φ4 mm. This is done to clip any excess photonic noise from the plasma itself. A φ1 inch spherical mirror with a focal length of 75 mm steers and focuses the beam onto a photo detector (see Table 3 for properties of detectors used). Data acquisition is done at 1 kHz, 16-bit resolution with a National Instruments USB connected and powered DAQ module. As open air laser propagation is used, it is necessary to determine the level of room temperature absorption. Preliminary scans with the system to assess this are shown in Figure 11 . Plot 04 represents a scan with the ICP test cabin completely evacuated. This scan shows no noticeable regions of atmospheric humidity or CO 2 absorption. It is possible that this atmospheric absorption may be buried in the wavy structure of the interference structure occurring due to optical components used. Absorption is seen when 12 torr of CO 2 is added to the test section.
B. Resolving Noise Issues
The UVM 30 kW power supply is a large noise source with significant potential to plague electronic signals.
Care must be taken to properly assess causes and locations of particular noise sources before effective equipment shielding can be made. Another noise source is photonic noise from the radiating plasma. The original detector (Judson) is sensitive up to 3200 nm leaving the CO band at 2250 nm the leading candidate for radiation noise. The second detector (Vigo PEM) has a much larger sensitivity range up to 10 µm. The sapphire windows have a cutoff wavelength in the IR of just over 5 µm which aids as a filter of sorts. Figure 6 illustrates several potential radiating sources up to 5 µm. Of concern are the strong CO bands at about 2250 nm and 4500 nm as well as a strong CO 2 band at 4250 nm. Current experimental arrangement is without a band pass filter in the laser tuning range which may pose radiation noise problems. Figure 12 represents preliminary CO 2 plasma scans. The signal to noise is quite poor making the task of detecting surface CO 2 production quite difficult. An analysis of the noise source was done by setting the laser to a constant current and temperature. An RF rated noise shielding fabric was placed to cover only the sapphire window between the torch and the photodetector. Figure 13 shows these results. With no fabric cover, the signal to noise is around 24. With one and two fabric sheets the signal to noise is still about the same. The covering of only the sapphire window still allowed electronic noise to pass into the detector electronics. The changes in intensity and noise band RMS level to a level where the signal to noise is identical suggests that the noise source is not electronic but optically-based. 
C. Copper Surface Tests
A free stream and near surface scan were performed. The surface used for these tests is a 25 mm diameter water cooled copper cup as pictured in Figure 3 and illustrated in Figure 4 . Figure 14 shows a comparison of these two scans. An adjustable iris set to an aperture diameter slightly larger than the beam diameter was placed just before the detector mirror to minimize stray radiation from the plasma jet. The electronic noise for the etalon though is still too strong to resolve frequency marking peaks. Frequency transfer functions for data in this report are therefore done by marking the visible absorption peaks. The laser path is not moved. The free stream measurement represents a case with the probe removed and the laser light passing through the center of the plasma free jet. The near surface case was done with the probe in place and moved into the laser light path until the coupled power to the detector was halved. As the diameter of the collimated beam is just under 4 mm, the probe dimension was around 2 mm. When overlayed, these plots indicate that there is no noticeable change in the spectral absorption. It is likely that the absorption is not from within the plasma as the strong transitions are those that absorb more at lower temperature. One explanation is that recirculating CO 2 inside the test cabin is absorbing. A way to assess this is by simulating the absorption in this recirculation zone. R6 (2) R16 (2) P70 (1) R52 (1) R50 (1) R48 ( A simple thermocouple rake is used to assess the temperature in the chamber away from the plasma jet. The rake is made with three thermocouples; thus, multiple runs are needed to acquire adequate survey resolution as the device is not translatable during testing. Work is being done to fabricate a more practical rake. Figure 15 is a plot with two separate tests. Also indicated is an approximate 800 K data point 1 cm from the plasma jet edge. Temperatures from radial LIF surveys as well as turbulent jet flapping during while approaching test condition (which is laminar) indicate that this is not unreasonable. A simulated model of the expected absorption can now be made with the reasonably resolved temperature profile of the test cabin temperature during ICP operation. For this model, temperature and pathlength combinations of 800 K for 2 cm, 425 K for 3 cm, and 350 K for 22 cm were used. The resultant model shows reasonable agreement with the resultant absorption extracted from the transmission trace ( Figure 16 ). This is a strong indication that the large absorption seen is indeed coming from the recirculating gases in the test chamber. Absorption [-] R52 (1) P70 (1) R50 (1) R16 (2) R6 (2) R48 (1) R14 (2) P50 (1) R46 (1) P72 (1) R12 (2) R44 (1) Figure 16 . Comparison of test data in torch (bottom plot) with simulated absorption (top plot).
The signal to noise ratio for these test was not ideal. It was found that after the test the collimating asphere lens was slightly misaligned. Maximum signal was increased by more than a factor of 25 (300 mV to over 8 V) with more careful alignment. Unfortunately, an accident in the lab damaged the photodetector (Judson model) beyond immediate use. A second detector was ordered as an off the shelf option. This device (Vigo PEM) has significantly less detectability but it was the only immediate option to proceed with testing. This detector was used for the tests described in the next section.
D. Gas Injection Probe Investigation
The large amount of recirculating CO 2 shows the need to determine the detectability of local CO 2 concentrations in a high temperature region over a small path length. A gas injection probe of similar geometry to the copper cup is incorporated to directly feed CO 2 into an argon plasma. The design and operation details of the gas injection probe have already been reported. 13 Figure 17 shows the probe in operation with an argon plasma (30 SLM) at 120 torr and CO 2 gas injection at 300 SLM. For this particular case one can see a distinguishable boundary between the injection gas and the free stream plasma. This layer is comprised of cooler CO 2 and is about 2.5 mm thick. Figure 17 . Picture of gas injection probe in operation. Test gas is argon at 120 torr and 30 SLM. Injected gas is CO 2 at 300 SCCM Scans were taken at the surface of the probe for three different flow rates (100 SCCM, 300 SCCM, and 500 SCCM). The argon plasma condition was held steady at 30 SLM and 120 torr. Figure 18 represents plots of these scans. In the 500 SCCM case (bottom plot) one can see the presence of the R46, R48 and R50 transitions. As the injection flow decreases so to does the appearance of these transitions. Another set of scans were taken to see the effect of power variation to the plasma (see Figure 19) . It was thought the a higher temperature plasma/injection gas interface would produce higher temperature CO 2 and thus decrease the R46, R48, and R50 transition intensities while potentially increasing the intensity of the higher rotational number transitions, primarily the P70 and P72. However, as the power is increased by about 10% (power dial setting of 150 to power dial setting of 170) there is no noticeable difference in signals with only the R46, R48 and R50 transitions being visible. 
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VI. Concluding Remarks
A diode laser sensor at 2744 nm was developed to probe CO 2 near a chemically reactive surface in an inductively coupled CO 2 plasma. No appreciable amount of CO 2 could be found in a copper surface boundary layer in the detectors sensitivity range, which may be due entirely to poor signal to noise from single scan operation. For these scans the minimum detectable limit is calculated to lie between mole fractions of 0.2 to 0.3 for an absorbing path of 25 mm and a poor signal to noise value of 25. Recirculating test gas in the ICP chamber, while present, was not a significant problem as absorption features were present to distinguish high temperature boundary layer absorption from lower temperature recirculating gas absorption. Tests also showed no atmosphere absorption by contaminant species. A new detector was procured to test the detectability of CO 2 being injected by a gas injection probe of similar geometry to the copper surface. Only low temperature gas immediately leaving the injection ports was identified.
Signal to noise levels approaching 2000 were achieved before detector failure occurred. This would improve the single scan mole fraction detectability to a range of 0.003 to 0.01. Signal averaging (which is possible as the plasma jet is quite stable) is proposed for subsequent tests which would further improve the detection limits of the system. Another planned improvement step is to incorporate a band pass filter to pass the the 2700 nm light and to remove the CO band radiation noise. Once detectable amounts of CO 2 can be assessed on a catalytic copper surface, a non-catalytic quartz surface of identical geometry will be incorporated and tested.
